Genomics provides an unprecedented opportunity to probe in minute detail into the genomes of the world's most deadly pathogenic bacteria-Yersinia pestis. Here we report the complete genome sequence of Y. pestis strain 91001, a human-avirulent strain isolated from the rodent Brandt's vole-Microtus brandti. The genome of strain 91001 consists of one chromosome and four plasmids (pPCP1, pCD1, pMT1 and pCRY). The 9609-bp pPCP1 plasmid of strain 91001 is almost identical to the counterparts from reference strains (CO92 and KIM). There are 98 genes in the 70,159-bp range of plasmid pCD1. The 106,642-bp plasmid pMT1 has slightly different architecture compared with the reference ones. pCRY is a novel plasmid discovered in this work. It is 21,742 bp long and harbors a cryptic type IV secretory system. The chromosome of 91001 is 4,595,065 bp in length. Among the 4037 predicted genes, 141 are possible pseudogenes. Due to the rearrangements mediated by insertion elements, the structure of the 91001 chromosome shows dramatic differences compared with CO92 and KIM. Based on the analysis of plasmids and chromosome architectures, pseudogene distribution, nitrate reduction negative mechanism and gene comparison, we conclude that strain 91001 and other strains isolated from M. brandti might have evolved from ancestral Y. pestis in a different lineage. The large genome fragment deletions in the 91001 chromosome and some pseudogenes may contribute to its unique nonpathogenicity to humans and host-specificity.
Introduction
Yersinia pestis, the causative agent of bubonic and pneumonic plague, is thought to be one of the most dangerous and deadly pathogenic bacteria in the world. There have been three known major plague pandemics in human history, which have claimed hundreds of thousands of lives. Y. pestis has been classified into three biovars according to their ability to reduce nitrate and utilize glycerol: Antiqua (positive for both), Mediaevalis (negative for nitrate reduction and positive for glycerol utilization), and Orientalis (positive for nitrate reduction Communicated by Hideo Shinagawa * To whom correspondence should be addressed. Tel. +86-10-66948595, Fax. +86-10-83820748, E-mail: yangrf@nic.bmi.ac. cn † These authors contributed equally to this work. and negative for glycerol utilization). These three biovars are thought to be responsible for the three major plague pandemics: the Justinian plague, the Black Death and the modern plague, respectively.
1 The third plague pandemic was believed to have originated from China in the 19th century.
Two independent groups have decoded the whole genome sequences of two fully virulent Y. pestis strains: CO92 (Orientalis strain) and KIM (Mediaevalis strain) respectively. 2, 3 These important works provide copious data for comparative genomic research. Y. pestis strain 91001 was isolated from Microtus brandti in Inner Mongolia, China. It has a LD 50 of 23.2 cells for mice by subcutaneous challenge, whereas 10 9 live cells of 91001 failed to cause any infectious symptoms in rabbits. The most striking characteristic of 91001 is that 1.5×10
7 cells challenging through the subcutaneous route caused neither bubonic plague nor pneumonic plague in a volunteer trial. 4 To better understand the secrets of this highly lethal pathogen, we carried out genome sequencing of Y. pestis strain 91001 for comparison by the "whole genome shotgun" method.
Materials and Methods

Bacterial strain
Y. pestis strain 91001 has the following major phenotypes: F1
+ (able to produce fraction 1 antigen or the capsule), VW + (presence of V antigen), Pst + (able to produce pesticin) and Pgm + (pigmentation on Congo red media). This strain falls into biovar Mediaevalis according to traditional criteria (negative for nitrate reduction and positive for glycerol utilization). This strain also has unique carbohydrate utilization features: arabinose negative, rhamnose positive and melibiose positive.
Genome sequencing, assembling and finishing
The genome sequence of 91001 was determined by a whole genome shotgun method. 5, 6 Briefly, chromosomal DNA and plasmids were extracted following standard protocols. The DNA was fragmented by sonication, and fragments ranging from 1.5 to 3 kb were extracted from an agarose gel after size-fractionation, and then randomly cloned into a pUC18 vector after end repairing. At the same time, the chromosomal DNA was partially digested with Alu I to construct a library with DNA inserts ranging from 1.5 to 3 kb. A total of 55,440 clones were sequenced from both ends using dye terminator chemistry on a MegaBace auto sequencing machine (Beckman, USA) and an ABI 377 sequencer (ABI, USA). Base calling was performed with the software Phred. 7, 8 There were 84,220 qualified reads (>200 bp at Phred Value Q20) collected, which gave rise to chromosome coverage of 8.6-fold. And 5505 qualified reads, of which 2200 reads were picked from genome library reads after running BLAST with plasmids sequence from Yersinia pestis strain CO92, 2,9 gave rise to plasmid coverage of 14.8-fold. The genome sequence was then assembled by using program RePS. 10 All the assembled contigs were checked for accuracy with the software package Consed.
11 For finishing, all the contigs were analyzed with RePS to construct "genome scaffolds," and also mapped onto the genomes of strain CO92 and KIM. 2, 3 Primers from every contig were designed by Consed to close the gaps by PCR.
11
At the finishing stage, an additional 5324 chromosome and 362 plasmid reads were added to the final assembly of chromosome and plasmids, respectively. Finally, the overall sequence quality of the genome was further improved by using the following criteria: (1) three independent, high-quality reads as minimal coverage, (2) sequence coverage accountable from both strands, and (3) Phred quality value >Q40 for each given base. Based on the final consensus quality scores generated by Phrap, we estimated an overall error rate of 0.90 in 10,000 bases for the final gap-free genome assembly. 7, 8 The complete sequence assembly was verified by digesting genomic DNA with I -Ceu I restriction enzymes followed by pulse-field gel electrophoresis (PFGE) analysis, and also by PCR amplification. 12 
Annotation and comparative genomic analysis
The final genome sequence was confirmed and annotated as described previously.
6 Briefly, three different sets of potential CDS (coding sequences) were established with GLIMMER 2.0, ORPHEUS and CRIT-ICA at their default settings respectively. 13−15 All the predicted CDS and putative intergenic sequences were subjected to further manual inspections. Exhaustive BLAST searches with an incremental stringency against the NCBI nonredundant protein database were performed to determine homology of the predicted coding sequences. 9 Translational start codons were identified based on protein homology, proximity to ribosomebinding site, relative positions to predicted signal peptide, and also putative promoter sequences. Then the three sets of CDS (longer than 150 bp) were integrated and combined. When frameshifts and point mutations were discovered from two adjacent CDS, they were classified as inactive genes or pseudogenes after careful inspections of the raw sequence data. To find putative orthologs in other completed genome sequences, CDS from the genomes were searched against the NCBI nonredundant protein database, and also classified according to the COG database search results. 16 Protein motifs and domains of all CDS were documented based on intensive searches against InterPro databases.
17
Transfer RNAs, RNase P genes and other stable RNAs were predicted with the tRNAscan-SE software.
18 Transmembrane domains, putative membrane proteins, and ABC transporters were defined with the TMHMM software.
19 VNTR (variable number tandem repeat) elements in the genome were identified using Tandem Repeat Finder. 20 Finally, Artemis was used to integrate and visualize all the annotation features. 21 Comparative genomic analysis was performed using the BLAST algorithm 9 and the Artemis Comparison Tool (ACT) (http://www.sanger.ac.uk/Software/ACT/). Major genome rearrangements identified by in silico analysis were further confirmed by PCR amplification.
Results and Discussion
General features of 91001 chromosome
The genome of Y. pestis strain 91001 is composed of one chromosome and four plasmids (accession number: AE017042 for chromosome, AE017043 for pCD1, AE017044 for pCRY, AE017045 for pMT1, and pPCP1 Coding sequences transcribed in the counterclockwise direction. Genes displayed in 2 and 3 are colour-coded according to different functional categories: translation/ribosome structure/biogenesis, pink; transcription, olive drab; DNA replication/recombination/repair, forest green; cell division/chromosome partitioning, light blue; posttranslational modification/protein turnover/chaperones, purple; cell envelope biogenesis/outer membrane, red; cell motility/secretion, plum; inorganic ion transport/metabolism, dark sea green; signal transduction mechanisms, medium purple; energy production/conversion, dark olive green; carbohydrate transport/metabolism, gold; amino acid transport/metabolism, yellow; nucleotide transport/metabolism, orange; coenzyme metabolism, tan; lipid metabolism, salmon; secondary metabolites biosynthesis/transport/catabolism, light green; general function prediction only, dark blue; conserved hypothetical, medium blue; hypothetical, black; unclassified, light blue; pseudogenes, gray. for AE017046). The chromosome of strain 91001 is 4,595,065 bp in length, shown in circular illustration in Fig. 1 . There are obvious anomalies in GC skew of the chromosome of 91001 (see Fig. 1 ), which has been observed in CO92 but not in KIM. 2, 3 Anomalies of GC bias in the CO92 chromosome are caused by rearrangements (inversion or translocation) of large genome DNA blocks mediated by IS (insertion sequence) elements, which had been confirmed by elaborate PCR amplifications. Parkhill et al. even identified genome rearrangements during the growth of a single culture of CO92, which suggests that the Y. pestis genome possesses frequent in vitro intra-genomic recombination and abnormal fluidity. 2 We also confirmed the anomalies of chromosome GC bias in 91001 by PCR amplifications; however we failed to identify any genome rearrangements within the same batch culture of this strain. Figure 2 portrays the dramatic structural variations between three finished chromosomes of Y. pestis, from which we deduced that genomes of Y. pestis are highly dynamic because of their abundant IS elements. Genome rearrangements include translocation, inversion and inverted translocation. Due to the frequent genome rearrangement events, it is very difficult to track down the "genome backbone architecture" of Y. pestis.
Comparative Genomic Analysis of Chromosome
Genome structure
A brief comparison of three finished Y. pestis chromosomes (91001, CO92 and KIM) is summarized in Table 1 . G+C% contents are almost identical in the three chromosomes (about 47.6%). CO92 has six copies of rRNA operons, while 91001 and KIM both have seven copies. The number of tRNA genes also differs slightly in 91001 (72), CO92 (70) and KIM (73) . Chromosome of 91001 is somewhat shorter than that of CO92 and KIM, which can be partly explained by the differences in copy numbers of IS elements. For IS 100, copy number in relation to strain is: CO92 (44) > KIM (35) > 91001 (30) . This is also the case for IS 1541: CO92 (62) > KIM (49) > 91001 (43) . While in Y. pseudotuberculosis, the copy numbers of IS 100 and IS 1541 are 0-6 and 7-13, respectively, far less than in Y. pestis. 22, 23 It is believed that Y. pestis is a clone that evolved from Y. pseudotuberculosis 1500-20,000 years ago, shortly before the first known pandemics of human plague. 24 Biovar Antiqua seems to be closest to the ancestral Y. pestis, while Mediaevalis and Orientalis were derived from Antiqua separately.
24
Among the three strains, CO92 (biovar Orientalis) is the latest one to diverge; 25 therefore, we assume that the accumulation of IS elements is an important process in the course of within-species microevolution of Y. pestis. Hence, strain 91001 seems to be an "older" strain in this sense.
Another important factor counting for the chromosome length variation is that, there are large indels (insertions and deletions) among the chromosomes of these three strains. The 91001 chromosome has a 21.8-kb unique fragment, which had been discovered in previ- ous suppression subtractive hybridization assays 26 and was termed as DFR4 (different region 4). All the four tested Y. pseudotuberculosis harbor this fragment. 26 Our further DFR typing result shows that, among the 257 tested Y. pestis strains isolated in China, only those isolated from Microtus brandti and M. fuscus possess this fragment (unpublished data). As DFR4 is shared by Y. pseudotuberculosis and Y. pestis strains isolated from Microtus but is not present in other Y. pestis strains, we deduce that strains isolated from Microtus (including 91001) might be those most closely related to ancestral Y. pestis strains. We also identified a 33-kb fragment shared by CO92 and KIM, which is absent in strain 91001. This fragment seems to be a prophage. The predicted genes of CO92-and KIM-specific genome fragments are listed in Table 2 . As CO92 and KIM are both virulent to humans and 91001 is only lethal to mice, fragments specific for CO92 and KIM might contribute to the pathogenicity to humans of Y. pestis. Prophages are thought to be a major drive for the evolution of bacterial genomes through lateral gene transfer. 27 Moreover it has been widely accepted that the bacteriophages encode certain virulence factors, including the well-characterized bacterial toxins and proteins that alter antigenicity, several new classes such as superantigens, effectors translocated by a type III secretion system, and proteins required for intracellular survival and host cell attachment. 28 Hayashi et al. revealed that, compared with its nonpathogenic counterpart K-12, about half of the O157 Sakai-specific sequences are of bacteriophage origin, which strongly suggests that bacteriophages play a predominant role in the pathogenicity and evolution of O157:H7 strains.
5 Therefore, it is reasonable to assume that this 33-kb prophage-like fragment might provide a virulence enhancement mechanism to CO92, KIM and other fully virulent strains thus helping broaden their host range. The finding that 91001 lacks this fragment only shows defective pathogenicity to human beings. We are on the way of constructing mutants to verify this hypothesis. Table 3 summarizes the assigned functions of predicted CDS in the chromosome of strain 91001. Just like other finished bacterial genomes, a large portion (about 16%) of CDS in 91001 was annotated as "hypothetical" or "conserved hypothetical." We carried out extensive gene level comparisons in the three finished genomes, and found that despite the dramatic genome structure differences, genes in the three chromosomes share great similarity. More than 90% of the amino acid sequences of predicted genes in the three chromosomes are totally identical (Table 4) . Only a few genes are absent in different genomes, mainly localized on the large genome fragments mentioned above, while the remaining genes are highly similar in the three genomes. The high conservation of coding sequences in Y. pestis is consistent with the relatively shorter evolutionary routes of this pathogen. 24   Table 4 also shows that, although 91001 and KIM are both Mediaevalis strains, gene-level similarity between them is less than those between them and CO92. For example, when we compare the 4090 genes (excluding pseudogenes) predicted in KIM with their counterparts in strain 91001, 3703 are identical, 350 are highly similar and 37 are absent in strain 91001; whereas 3880 are identical, only 207 are similar and only 3 are absent in CO92. This is also the case when comparing predicted CDS of CO92 to KIM and 91001 respectively. That is to say, KIM resembles CO92 more than 91001 considering CDS similarity. This strongly implies that, although 91001 and KIM are both Mediaevalis strains, they may be located on different evolutionary lineages.
CDS and pseudogenes
In the course of evolution of Y. pestis, one essential process is the deactivation of many genes related to enteropathogenic lifestyle, such as the O-antigen clusters yadA and inv. 2 We identified 141 pseudogenes in the chromosome of 91001, and they are deactivated by IS element insertion, nonsense mutation or frameshift. Interestingly, CO92 and KIM, belonging to different biovars, share 114 pseudogenes, while possessing 23 and 13 unique pseudogenes, respectively. 91001 and KIM, which belong to the same biovar, share only 94 pseudogenes, and have 41 and 33 unique genes, respectively. The distribution of pseudogenes again suggests that 91001 and KIM might locate in different evolutionary branches. Table 5 shows 91001-specific pseudogenes which are intact, and therefore presumably active, in both CO92 and KIM. As CO92 and KIM are fully virulent strains and strain 91001 is avirulent to humans, some of these 91001-specific pseudogenes are probably related to the pathogenicity and host range of Y. pestis. Some of these pseudogenes, which encode regulatory proteins, membrane-related proteins, etc., are of special significance for further investigation.
pgm locus
The pgm locus is an established virulence-related gene cluster in Y. pestis, which determines the pigmentation phenotype when growing on Congo red media. During successive in vitro passages, the pigmentation phenotype in most Y. pestis strains can spontaneously lost with a frequency of approximately 10 −5 per generation. 29 While the pigmentation phenotype of 91001 is very stable, ten passages in vitro did not produce a pgm − colony. 4 The 102-kb pgm segment consists of two parts: hms locus (hemin storage locus) and HPI (high pathogenicity island). The pgm locus of strain 91001 is a bit different from the reference strains. One striking feature is that, in CO92 and KIM, there are two IS 100 elements with the same orientation flanking the pgm locus, while in 91001 there is only one IS 100 element adjacent to pgm locus.
According to the IS mediated intra-genome recombination mechanism, it needs two IS elements with the same orientation to trigger the embedded genome fragment to be deleted. 30 This finding presents a rational explanation for the stability of the pgm locus in strain 91001 and also other strains isolated from Microtus. Compared with CO92 and KIM, the pgm locus of 91001 has an additional IS 285 element in the HPI region, and further large-scale screening of the 257 strains revealed that this IS 285 element is unique in the pgm locus of strains from M. Brandti (unpublished data). The regions flanking the pgm locus in 91001 also show variation from the reference strains. In CO92 and KIM, the IS 100 element adjacent to hms disrupted a gene encoding a protein resembling Porin of Escherichia coli, 31 
NapA gene
The nitrate reduction phenotype is one of the two key characteristics used to assign Y. pestis strains into different biovars. Mediaevalis strains possess a nitrate reduction-negative phenotype. Genome sequence analysis of KIM revealed that the nitrate reduction-negative phenotype is due to a nonsense mutation in nt 613 of the napA gene.
3 However, strain 91001 does not have this mutation in the napA gene. Instead, a 1021 G -1021 A mutation in this gene leads to a 341 Ala -341 Thr substitution in the NapA protein, and the change in polarity of the amino acid might alter the activity of NapA. We used site-specific primers to screen the distribution of these two kinds of mutations of the napA gene in 257 Y. pestis strains isolated in China. The results show that 43 strains isolated from Microtus all bear the 1021 G -1021 A mutation, and the other 54 Mediaevalis strains possess a 613 G -613 T nonsense mutation, while the remaining Orientalis and Antiqua strains have neither of the two mutations (unpublished data). Our data strongly suggest a probable novel inactivation mechanism of the napA gene, and also support our hypothesis that strains from Microtus are slightly different from other Mediaevalis strains.
Carbohydrate metabolism
Y. pestis 91001 and other strains isolated from Microtus are all unable to utilize arabinose. Extensive genome analysis reveals that a regulatory gene araC of arabinose operon araABCDFGH in 91001 is silenced by a 112-bp deletion from the 7 th nt and a frameshift at codon 226. The araC gene encodes a regulator, which initiates the transcription of other genes in the operon in the presence of arabinose and also suppresses the transcription without arabinose. 32 We confirmed the 112-bp deletion in all the strains isolated from Microtus in China (unpublished data), which implies there is a genetic basis for arabinose-negative phenotype in strain 91001 and other Microtus strains.
Strain 91001 can utilize melibiose, but most other Y. pestis strains, including CO92 and KIM, fail to utilize this carbohydrate. Following a detailed comparison, we propose that YP1470 is a key gene related to melibiose metabolism. YP1470 encodes a 435 a.a (amino acid) pro- 
--Orphan members * : Genes probably encodes hybrid sensory kinases with both hybrid sensory kinase domain and response regulator receiver domain. YP1796 has two pairing regulators (YP1809 and YP1810).
tein with 12 transmembrane helices, whose structure is quite similar to the melibiose carrier MelB protein in E. coli, which is responsible for carrying extracellular melibiose molecules into the bacteria cells. 33 The counterparts in CO92 and KIM are both disrupted by an IS 285 element at nt 77 . PCR screening in 257 strains determined that all the Microtus strains have an intact YP1470 gene, and 31 strains isolated from Tianshan, Xinjiang also have intact YP1470; while the counterpart CDS in others are all disrupted by IS 285 (unpublished data). The role of YP1470 in the melibiose metabolism of Y. pestis needs to be verified by mutant analysis.
Two-component systems
Bacteria have evolved sophisticated sensory mechanisms and intracellular signal pathways in order to respond to a large number of extracellular signals in their continuously changing surroundings. Two-component systems are a basic stimulus-response coupling mechanism used by bacteria to sense and respond to changing environmental conditions. This sophisticated signaling system has been widely found in prokaryotes and eukaryotes; its prototypical system comprises a histidine protein kinase sensor (HK) containing a conserved kinase core that senses the environmental stimulus, and a response regulator protein (RR) containing a regulatory domain.
34
A total of 61 CDS were identified as putative members of the two-component signal transducers in strain 91001, as shown in Table 6 . The number of two-component members in 91001 is close to that of E. coli (62) and a littler smaller than that of Synechocystis sp. strain PCC 6803 (80).
As shown in Table 6 , 47 members of a two-component system were identified as 23 cognate pairs of putative cognate sensor/regulator, of which cheA (YP1796) has two paring regulators, cheB (YP1809) and cheY (YP1810). In most cases, the cognate sensor/regulator pairs are located next to each other on the chromosome and are most likely in the same transcriptional orientation (except for arcB/arcA, rcsC/rcsB and barA/uvrY). The order of sensor and response regulator of cognate pairs on the chromosome appears to be random, which is quite similar to the case in E. coli with approximately half of sensor genes located upstream of the response regulator gene and half downstream.
35 Some cognate pairs need further verification, and we take them as cognate pairs simply because they are adjacent in the chromosome.
Seven genes were identified as encoding possible hybrid sensory kinases. Hybrid sensor proteins have more complex architectures and functions, and they contain both a sensor histidine kinase domain and a response regulator receiver domain. The additional complexity of the phosphorelay system may provide for multiple regulatory checkpoints as well as a means of communication between individual signaling pathways. 37 BarA is a hybrid sensor protein and its analogue in E. coli had always been taken as an orphan without a functional partner. However, recently it was demonstrated that BarA and UvrY constitute a two-component system associated with the control of energy metabolism, although they are apart from each other in the chromosome.
38,39
Response regulator PsaE (YP1291) is an isolated element without a known functional partner, whose function is to positively regulate the downstream gene psaA encoding the virulence protein pH 6 antigen. 40 Another established virulence-related pair of genes is phoQ/phoP. The isogenic phoP mutant of Y. pestis showed a reduced ability to survive in macrophages and under conditions of low pH and oxidative stress in vitro. The mean lethal dose of the phoP mutant in mice increased 75-fold in comparison with that of the wild-type strain. 41 The PhoP/Q regulatory system controls the lipo-oligosaccharide (LOS) modification, which may be also required for survival of Y. pestis within the mammalian and/or flea host.
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The pair baeS2/atoC1 (YP0983/YP0984) is absent from KIM and CO92. These two genes are located in the DFR4 according to Radnedge's study, and they are absent from some strains of Mediaevalis, Antiqua and all of Orientalis. 26 Two histidine protein kinase sensors, baeS3 (YP1666) and baeS8 (YP2718) have apparently become pseudogenes in CO92 due to frameshift mutations, and there also is a frameshift in baeS8 in strain KIM. It has been found that the frameshift mutation of baeS3 is only present in Y. pestis strains of biovar Orientalis and not in those of Antiqua and Mediaevalis.
31 YP1666 is located in the 102-kb pgm locus and together with its cognate response regulator fimZ encode a putative twocomponent system similar to the BvgAS regulatory system of B. pertussis. 31 The two-component system BvgAS positively controls transcription of the virulence genes of B. pertussis and B. bronchiseptica, which include several genes for toxins and adhesins. On the other hand, the BvgAS system negatively controls the expression of a poorly characterized set of genes, the so-called virulence repressed genes. 43, 44 There is still little evidence to explain the role of this BvgAS-like system in Y. pestis.
The gene atoS1 (YP1490) is a hybrid histidine protein kinase containing both sensor kinase domain and response regulator domain. This gene was disrupted by IS100 in CO92 and there is a frameshift within a homopolymeric tract of 7G in this gene of strain KIM. The uhpB (YP3370), which is disrupted by IS 100 in CO92 and KIM, constitutes a two-component system with its cognate response regulator UhpA2. In E. coli, UhpAB form a signal transmitter cassette with UphC, controlling the expression of hexose phosphate transporter UbpT.
45
Two-component systems serve as a basic stimulusresponse coupling mechanism to allow organisms to sense and respond to changes in diverse conditions. For pathogenic bacteria, two-component systems are essential for sensing the changing environments while infecting hosts by helping them avoid the host's immune response. However, losing some two-component systems may increase the bacterial virulence, which suggests that some two-component systems negatively regulate bacterial virulence gene.
46,47 Therefore, whether deletion or inactivation of the two-component systems account for the virulence in strains CO92 and KIM needs further investigation.
Quorum sensing system
A further layer of microbial sensing and response mechanisms has been recently uncovered in the form of cell-to-cell communication via the use of small signaling molecules, which was termed a "quorum sensing system." N-Acyl homoserine lactones (AHSL) are usually employed as signals to control cell density during the growth of Gram-negative bacteria. 48 It is now known that many of the species belonging to the genus Yersinia express quorum-sensing systems. Throup et al. first identified YenI/YenR as a quorum sensing system in Y. enterocolitica. 49 Genes encoding LuxRI homologues (YpsR/I and YtbR/I) have also been identified in Y. pseudotuberculosis. Mutations in ypsI or ypsR indicate that this quorum-sensing regulon is involved in temperature-dependent control of motility and cellular aggregation of Y. pseudotuberculosis. 50 In the chromosome of strain 91001, we also identified two quorum sensing systems, ypeI/ypeR (YP2275/YP2276) and yspI/yspR (YP3454/YP3455).
These two regulons are quite similar to their counterparts in Y. pseudotuberculosis, and they are all intact in strains IS 100 copy 
CO92 and KIM.
in silico comparison of plasmid pPCP1
Typical Y. pestis strains contain three plasmids, pPCP1, pCD1 and pMT1, which have all been reported to play significant roles in different stages of Y. pestis pathogenesis. 51−53 In this study, we performed a detailed comparison between pPCP1, pCD1 and pMT1 from strain 91001 and their previously published counterparts, shown in overview in Table 7 . Plasmid pPCP1 is a virulence-related plasmid, which encodes the putative Y. pestis-specific adhesin/invasion, plasminogen activator (Pla); Pla has been proven essential for effectively invading human epithelial and endothelial cells, which plays a vital role in establishing subcutaneous infection.
54
Plasmid pPCP1 sequences of the three strains (91001, CO92 and KIM) are nearly identical; however, due to the differences in annotation criteria of different sequencing centers, the coding density and average gene length of these three pPCP1 entries vary dramatically. There are six single nucleotide polymorphisms (SNPs) in the three plasmids, and three of the SNPs are deletions or mutations in mononucleotide repeat regions. The mutations in mononucleotide repeats caused by a deficiency in a post-synthesis mismatch repair mechanism had been thought of as a kind of adaptive mutation in the bacterial genome. 55 Interestingly, only one of the six point mutations is located in the coding area, which results in a 279 Thr -279 Ile mutation in the important virulence factor, Pla protein. As this mutation involves the substitution of a hydrophilic hydroxyl-amino acid to a nonpolar amino acid, it is worthwhile to perform further study to clarify the possible relationship between this point mutation and the ability of Y. pestis to infect humans.
in silico comparison of plasmid pCD1
Plasmid pCD1 is a common virulent plasmid shared by the three pathogenic Yersinia species, and it is termed pYV and pIB in the enteropathogenic bacteria Y. enterocolitica and Y. pseudotuberculosis, respectively. This plasmid harbors a gene cluster named LCRS (low calcium response stimulons) which can secrete virulent factors through a type III secretory system into host cells when coming into contact with them. 56 Plasmid pCD1 of 91001 is slightly shorter than those of reference strains (Table 7) . Compared with the two pCD1 plasmids from strain KIM, there is a 212-bp (partial IS 285) deletion between yopM and yopD in strain 91001, which is also the case in strain CO92. Another major deletion in 91001 pCD1 is located in the gene yopM, which is 126 bp shorter than those of strains CO92 and KIM. Because of the IS 100-mediated rearrangements, the structure of the four pCD1 entries varies a little among the strains.
The LCRS elements are nearly identical in the four pCD1 plasmids. The most significant variation of LCRS components is that YopM, an important cytotoxin effector of type III system, is 42 amino acids shorter than the reference counterparts. YopM is an acidic protein able to bind to thrombin, causing the virulence of yopM mutant strains to decrease 1000-fold compared to wild-type strains.
57 Typical YopM molecules of Y. pestis are 409 a.a long with 15 duplicated leucine rich regions (LRRs); 57 due to the 42 a.a deletion, the YopM molecule of 91001 only possesses 13 LRRs with 367 a.a in length. The number of amino acid residues and LRR repeats are the same with YopM of Y. enterocolitica (accession number NP 052388), and the similarity of amino acids between them is 95%. By PCR screening, we discovered that all of the ten strains isolated from Microtus brandti have this deletion in the yopM gene (unpublished data). Boland et al. also discovered heterogeneity in the YopM proteins of the Y. enterocolitica and Y. pseudotuberculosis, and they further concluded that the heterogeneity in the YopM protein might not alter the virulence of Y. pestis strains.
58 A previous study revealed that mutants with these 22 a.a and 20 a.a LRR deletions in YopM produced no decrease in thrombin-binding activities compared with wild-type strains.
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There are also other mutations in certain LCRS elements in 91001. LcrV is the only protective antigen in LCRS, which acts as a bifunctional molecule of regulator and antihost factor. 60 The lcrV gene of 91001 is identical to that of Y. pestis strain Pestiodes F (accession number, AF167309). 61 These two lcrV genes are 16 bp shorter than those from other Y. pestis strains, and this deletion is caused by two direct repeats (AT-GACACG) at the 3 terminus of lcrV gene. Pestoides F strain was isolated from vole and although it does not harbor plasmid pPCP1, it is fully virulent by the aerosol challenge.
62 Strain 91001 is also lethal to mice, thus the deletion in lcrV gene does not appear to decrease the lethality of these strains in mice. There is still no evidence whether this loss affects the host range of strain 91001. Another case is YopN, a secretory protein acting as calcium sensor. 63 There is a substitution in YopN of 91001 (52 Phe -52 Ile ). Another mutation in LCRS of 91001 occurred in yopJ, which encoded a cytotoxin effector inducing in vitro apoptosis. There is a 616 A -616 G mutation in yopJ in 91001, and this will lead to a Lys-Glu substitution in the corresponding position of the YopJ protein in strain 91001.
In silico comparison of plasmid pMT1
Plasmid pMT1 is a Y. pestis-specific plasmid which encodes two major virulence-related factors: F1 capsular protein, which can help Y. pestis escape from phagocytosis of the host immune system, and Yersinia murine toxin (Ymt), which is essential for transmission of Y. pestis by flea vectors. 64 As shown in Table 7 , all four of the pMT1 plasmids contain one copy of IS 1541 and one copy of IS 285, while that of strain 91001 has three copies of IS 100 elements.
The full length of pMT1 in strain 91001 is 106,642 bp, about 6-10 kb larger than the other three pMT1 plasmids. 51, 52, 65 The 5.7-kb fragment of 91001, which is absent in pMT1 of Mediaevalis KIM strain, is 99% similar to the corresponding region of plasmid pHCM2 of Salmonella enterica serovar Typhi, 53 which suggests the origin of this fragment. Plasmid pMT1 from Orientalis CO92 has an additional IS-mediated 6.6-kb fragment deletion, and this fragment is also highly similar to plasmid pHCM2. Plasmid pMT1 of strain 91001 also lacks two segments (around 340 bp and 700 bp) common to KIM and CO92. The 340-bp region is highly homologous to part of plasmid pHCM2, and this deletion in strain 91001 leads to a 112 a.a deletion in the coded membrane protein.
The 700-bp region shows no similarity to any sequence in the NCBI database.
The major different fragments in the four pMT1 entries are most closely related to plasmid pHCM2, which implies the evolution of pMT1. The ancestral pMT1 plasmid might have evolved from a pHCM2-like plasmid, and obtained some virulence-related genes (ymt and calf operon) by lateral transfer during the evolution process. Plasmid pMT1 from strain 91001 has retained more pHCM2-like sequences, but it has also lost some pHCM2-like sequences and the sequences common to pMT1 of strains CO92 and KIM (such as YPMT1.73). As Orientalis strains are newly occurred, it seems that plasmid pMT1 has undergone successive reductive evolution to simplify the genome structure. Interestingly, based on the reductive evolutionary hypothesis, although 91001 and KIM are both Mediaevalis strains, pMT1 of 91001 seems to resemble the ancestral pMT1 plasmid more than that of KIM, and it might have evolved in a different lineage from KIM.
Previous data revealed rearrangements mediated by IS elements in different pMT1 sequences.
53 Figure 3 portrays detailed rearrangement events in four pMT1 plasmids. Ignoring the fragment deletions, architectures of pMT1 from strains 91001 and KIM (accession number AF074611) are quite similar. However, another pMT1 entry from strain KIM derivate KIM5-D46 (accession number AF053947) has undergone a 24-kb fragment inversion, which is flanked by two opposite IS 100 elements. Plasmid pMT1 of strain 91001 and CO92 share a common IS element insertion, which disrupted the gene coding for the alpha subunit of DNA polymerase III; while this gene is intact in both KIM strains. All of these observations suggest that rearrangement of pMT1 occurs at high frequency.
These two established virulent factors (F1 antigen and Ymt) in the four pMT1 entries have no differences, suggesting that they sustained tougher selective pressure in the life cycle of Y. pestis and remained identical in evolution.
Cryptic plasmid
As well as the above three known plasmids, some Y. pestis strains harbor more diverse plasmid profiles. Filippov et al. studied 242 Y. pestis strains isolated from various natural plague foci of former U.S.S.R. and other countries, and shown that twenty strains (8%) of them harbored additional cryptic plasmids, mostly about 20 MDa in size. 66 A cryptic plasmid about 19.5 kb, a dimer of a 9.5-kb plasmid pPCP1, was found in Y. pestis strains isolated from the western United States. 67 A 6-kb cryptic plasmid has been recovered from Y. pestis isolated from regions of Yunnan province in China.
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The 21,742-bp plasmid pCRY is a novel plasmid identified in this study, and we termed it pCRY for its cryptic function. G+C% of plasmid pCRY is 49.1%, which is slightly different from the other three plasmids. We arbitrarily assigned the first base of string "TCGTTCCACT" as the "origin" of this plasmid. A total of 30 genes were predicted in pCRY as shown in Fig. 4 and Table 8 . It is very interesting that pCRY shows abnormal coding bias on the plus strand, and 24 of the predicted genes located on the plus strand.
BLASTN homology search results revealed that a re- gion of pCRY (nucleotide number 165-265) was quite similar to those of several plasmids with greater than 89% identity. These plasmids are mostly harbored by Enterobactericeae members, such as plasmid p307 in E. coli, plasmid pGSH500 in Klebsiella pneumoniae, plasmid pYVe439-80 in Y. enterocolitica and plasmid pCP301 in Shigella flexneri. The similarity of these regions in different bacteria implies that they might act as cis-acting elements in these plasmids as there is no gene predicted in these regions. All the above plasmids belong to thetareplicon A plasmids. This kind of plasmid can encode RepA protein independently, and there are varying numbers of DnaA Box elements around the repA gene, to which the RepA protein binds. An A+T rich region can act as replication origin. 69, 70 We annotated a repA gene in pCRY based on BLASTP, COG and InterPro analysis. The "TCCACA" sequence downstream the repA gene is identical to the six bases of 3 end of DnaA Box R1 (TTATCCACA) in E. coli. It is probably the binding site of the RepA protein. 71 Downstream of the repA gene, there is an A+T rich region (nucleotide number 370-690 in pCRY, A+T 59%), and A+T% of region spanning nucleotides 400-500 is even higher (65%). Figure 5 illustrates the G+C% plot of the first 1000 bp of pCRY, which clearly shows the A+T% higher region. The A+T rich region might contain the replication origin of pCRY.
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We also identified a parA gene in the pCRY plasmid. The parA-parB genes were found to be responsible for the partition of replicated plasmids into daughter cells. pCRY, there is an unknown gene right downstream parA.
As plasmid pCRY encodes its own replication and partition systems, it might be able to maintain itself in different bacteria as an independent genetic element, and it might have been incorporated into Y. pestis strain 91001 by occasional lateral transfer from unidentified bacteria. We designed primers targeting the repA gene, and screened 257 strains of Y. pestis isolated in China by PCR amplification. Only 11 strains showed positive amplification (unpublished data). Therefore pCRY might be an atypical plasmid in Y. pestis, and it might contribute little to the common life cycle of Y. pestis We also identified a type IV secretory system coding a gene cluster in pCRY, which includes 10 genes. Although quite a few pathogens have the type IV system, 73 this is the first report of this system in Y. pestis. A type IV system is an essential virulence factor in Bartonella for establishing intraerythrocytic infection. 73 However, the type IV system of plasmid pCRY lacks two important genes, virB3 and virB7. We do not know the function of the type IV system in pCRY.
Concluding remarks
The genome sequence of 91001, a strain with unique pathogenicity and carbohydrate metabolism, sheds light on the mysteries of Y. pestis. Strain 91001 and others like it isolated from Microtus are supposed to be avirulent to humans, while they are highly lethal to mice. By comparing the genome sequence of this strain with those of the fully virulent Y. pestis strains (CO92 and KIM), we have been able to find clues how Y. pestis might have evolved from a single host pathogen to a multihost pathogen. Following extensive analysis of plasmid structure, pseudogene distribution, gene-level comparison, the pgm locus characteristics, nitrate reductionnegative mechanism, genes related to arabinose and melibiose metabolism, and chromosome architectures, we can safely draw a conclusion that 91001 evolved from ancestral Y. pestis through a different lineage. The whole genome microarray-based comparative genomic research carried out by us has also proved that Microtus strains should be reclassified into a novel biovar of Y. pestis, biovar Microtus (unpublished data). The ancestral Y. pestis strain was probably virulent only to rodents, then some strains occasionally obtained gene(s) by horizontal gene transfer, and were able to cross species barriers and broaden their host range. 74 Thus the 33-kb prophagelike fragment, absent in 91001, is a candidate that might determine the ability to infect humans in fully virulent strains. However, mutations in the established virulencerelated genes, such as yopM and pla can not be ignored either, as well as some interesting 91001-specific pseudogenes. Our paper identifies some candidate DNA regions and factors determining the appalling lethality of Y. pestis to humans, which will be of help in developing an efficient vaccine against plague.
